The anatomic apices of a tetrahedron were located on the image surface of living man by reciprocal stimulation of an electrode placed in the esophagus at the assumed electric center of the heart. The rectilineal 1 components of the three-dimensional electrode were not oriented with respect to the axes of the body. Therefore, it was possible to determine the shape of the image tetrahedron but not its orientation in the body. The method is applicable to living man with the electrode placed at any assumed electric center of the heart.
The anatomic apices of a tetrahedron were located on the image surface of living man by reciprocal stimulation of an electrode placed in the esophagus at the assumed electric center of the heart. The rectilineal 1 components of the three-dimensional electrode were not oriented with respect to the axes of the body. Therefore, it was possible to determine the shape of the image tetrahedron but not its orientation in the body. The method is applicable to living man with the electrode placed at any assumed electric center of the heart. I NVESTIGATIONS of the body's role as a volume conductor surrounding the heart generator have not, for the most part, been performed upon living human subjects in a normal environment. Studies have been made of the animal torso,' 12 the immersed human body,'" 6 cadavers, 6 ' 7 excised and in situ tissues, 8 " 10 theoretical and experimental analogs,"" 16 and models molded from human subjects 17 and from scaled down sculptures. 18 In living subjects the problem has been investigated by means of unidimensional electrodes in the heart 19 and in the esophagus. 20 In a more detailed experiment of a similar type with the signal applied to the surface of the chest of a living subject, 21 only the components in the frontal plane were analyzed.
The application of data gathered in experiments on other than living human subjects requires that certain assumptions be made. Whether these are to be preferred to Einthoven's original assumptions, the confirmation or invalidation of which has been the goal of many of these same experiments, cannot for the moment be answered.
The fallacy of using anatomically symmetrical points on the surface of the body as the basis for various geometric systems of electrocardiographic leads became apparent with the introduction of the image surface concept by Burger and van Milaan. 18 A detailed plot of the image surface of a man was made by Frank,-who utilized a torso model molded directly upon the subject. Every point on the anatomic body surface has its counterpart upon the image surface. On the latter, geometric relationships relative to conduction of heart currents to the surface of the body are valid within the limits of the general theory of heart vector projection.
28
If a clinically applicable system of electrocardiographic leads is sought, those points on the image surface which correspond to the anatomic sites of electrode attachment must be located. The use of a living subject for this purpose is most desirable.
The present study was undertaken in an attempt to derive four points on the image surface of a living subject, the anatomic locations of which would be clinically practical. The lines joining paired points could be used as electrocardiographic leads. It seemed more useful to determine the true electric configuration of the currently utilized tetrahedral system of leads than to attempt to find three new orthogonal leads containing pure x, y and z GOO THE IMAGE TETRAHEDRON IN MAN scalar components of equal size. By making all leads studied bipolar, use of the central terminal was avoided. The surface points used were the apices of the tetrahedron as described by Wilson, Johnston and Kossmann.* METHODS A Hewlett Packard Model 202B low frequency oscillator tuned to 47 c.p.s. provided a signal which was passed through a balanced, constant current amplifier to a selector switch ( fig. 1 ). By means of the switch the 6 bipolar leads of the tetrahedron could be energized in turn. These leads were: I, II, III, RB, LB and BF, where RB, LB and BF were the leads from the right arm to the back, the left arm to the back and the back to the left leg respectively. An interchange of generator and detector as compared with the usual situation, allowed by the Reciprocity Theorem of Helmholtz, 14 was adopted in order to avoid thermal injury to the esophagus and possible undesirable cardiac effects. The 47 c.p.s. signal was chosen to minimize polarization and to simulate a frequency common for electrocardiographic deflections. 16 A special esophageal pickup was constructed consisting of three mutually perpendicular pairs of electrodes imbedded in a Castolite* ball (approximately 0.5 cm. in diameter). Each electrode was made of Jf 6 inch square silver wire. The central end of each piece of silver was attached to fine, insulated wire, the other end was exposed at the surface of the plastic ball. The three electrode pairs constituted orthogonal finite dipoles" and were constructed so that the moments were equal (0.452 in. ± 0.00L in.). Wires from the internal ends of each pair were shielded from the others and lead through a vinyl gastiic tube. This esophageal pickup, placed fluoroscopically in juxtaposition to the midventricular mass, was used to detect three orthogonal voltages developed in the esophagus as a result of currents introduced at the surface of the body. No attempt was made to orient the axes of these finite dipoles in any of the experiments.
Early experiments revealed evidence of poor or variable contact ljetween the electrode terminals and the esophagus. To correct this, a sleeve of cellophane dialysis tubing, 1% in. in diameter, was attached to the lower end of the esophageal tube surrounding the plastic ball. A 19 gage polyethylene catheter which ran parallel to the esophageal tube was used to fill the sleeve with saline after the pickup had been properly located within the esophagus. When filled, it extended approximately 3 in. above and below the pickup ( fig. 2 ). This modification greatly reduced fluctuations in detected signals presumed to be due to poor contact with the * Castolite, a thormosetting plastic, is manufactured by the Custolito Co., Woodstock, 111. esophageal wall. Although the cellophane sleeve was made to hold 100 ml., filling it from 50 to 100 per cent of its capacity produced negligible effects upon the recorded signals.
A second selector switch, ganged to but shielded from the first, made it possible to record in turn from each pair of electrodes in the esophagus for each surface lead stimulated ( fig. 1 ). Voltages from each of these mutually perpendicular dipoles were fed through a cathode follower amplifier into one channel of a Sanborn Twin Beam electrocardiograph, model 62. A sharply tuned 47 cycle band pass filter (United Transformer Company, No. RS351) was interposed at this point to remove 60 cycle pickup and the subject's esophageal electrocardiogram. The second channel of the electrocardiograph received a monitor signal directly from the constant current amplifier. This served as a phase reference for assigning polarity to signals detected in the esophagus. Arbitrarily, those in phase with the monitor were designated positive, and those out of phase were designated negative.
Prior to experiments with human subjects, the pickup was tested to verify the electric counterparts of its mechanical characteristics. Three electrodes 3.5 x 7.0 cm. were cemented to the inside surface near the mouth of a saline filled cylindrical glass jar 23 cm. in diameter. The esophageal pickup was immersed near the center of the jar 2 cm. below the surface. The three bipolar leads formed by pairing the three peripheral electrodes were stimulated in sequence, and the orthogonal components at the center were recorded for each lead. Then the pickup was rotated through about 90° without introducing The quality of every experiment performed was evaluated in terms of the degree of closure of the triangle in the case of the jar experiments or the edges of the tetrahedron in the case of the human experiments. The size of the gap in closure was expressed as a percentage of the perimeter of the triangle or tetrahedron (table 1) .
In these experiments, the subjects were in the sitting position and remained apneic in natural expiration for the duration of an experiment, or about 45 sec. In some cases, 20 mg. of Xisentil Hydrochloride* were given subcutaneously to facilitate apnea as well as to reduce the gag reflex at the time of passing the esophagenl detector.
It was necessary to balance the output of the stimulator before an experiment to eliminate a parallel current of considerable magnitude flowing from the surface electrodes to the esophageal detector. This was achieved by connecting a shorting jumper across one of the surface leads (lead I was used), applying the signal to this lead, and adjusting the balance control for a minimal residual signal in the esophageal electrodes.
RESULTS
Two normal subjects were studied. A. C. de G., a 26-year-old male, was 6'1" tall and weighed 176 lbs. A set of 4 experiments were performed upon him after a single placement of the esophageal pickup 43 cm. from the incisor teeth. A fifth experiment was performed with the pickup 40 cm. from the incisors. These comprise set 1. The second subject was a 32-year-old male (S.A.B.), 5'10" tall and weighed 175 lbs. Studies were performed upon him after placement of the esophageal electrode on 3 different occasions. Three experiments were done the first time with the pickup 44 cm. from the incisors, and 5 experiments were performed on both the second and third occasions with the pickup located 43 cm. and 44 cm. from the incisors respectively. These comprise sets 2, 3, and 4.
• Hoffmann-La Roche. Figure 3 illustrates the 18 recorded components during a typical experiment. These were taken from set 3, experiment 1, on subject S A.B. The data in each of the 4 sets of experiments were tabulated and the quality of closure tested in 3 of the planes (RLF,RBF,LBF) of each derived tetrahedron. For example, in the frontal plane of one set the observed values for the a, b and c components of lead II were + 14.7, +13.0 and -16.0. These same components derived from the vectorial sums of leads I and III (or the algebraic sums of the components of these leads) were +13.0, +12.8 and -18.3. The differences between these 2 sets of values comprised the magnitudes (+1.7, The errors, calculated as gaps and expressed as a percentage of the perimeter of the tetrahedron, are shown in table 1. Because of the inordinately large error in set 1, experiment 5, this experiment was excluded from further considerations.
Lengths of copper wire having the same ratios as those listed for the sides of the tetrahedra were cut and soldered together at the ends in the proper arrangement to make models of the tetrahedra obtained in the experiments. lated. These are presented in table 2. Lengths of tetrahedral leads derived from Frank's data on the torso modeF are also included. Figure 4 demonstrates graphically the ratios of the average magnitudes of the leads to lead I in the 4 sets of experiments. The shaded zones represent the ranges of individual values. Using the same coordinates, figure 5 is a graph of the grand averages of all experiments. For subject A.C. de G., this is the same as the average of set 1, and for subject S.A.B. this is the average of sets 2, 3, and 4. Frank's data are also plotted. For comparison, an equilateral tetrahedron is plotted which, of course, gives a straight line. Figure 6 shows the average tetraFro. 6. Projections of the image tetrahedra constructed for each subject from the means of all experimental data. In these diagrams, the frontal projections (the left of each pair) have been arbitrarily oriented so that the RLF surf nee is parallel to the plane of the page. Tho left sagittal projections were obtained by rotating each tetrahedron 90° about an axis in the RFL plane bisecting angle RFL. Since the orientation of these tetrahedra in the body was unknown, the figures were constructed by assuming that the frontal planes were in the plane of the page.
Testing the electric characteristics of the dipole in a jar of isotonic saline as described earlier yielded the results shown in table 3.
DISCUSSION
As a volume conductor, the characteristics of the living torso are probably different from those of the cadaver, the water filled model, the immersed body, or the body with large conducting electrodes on its surface. How great these differences are has not been entirely elucidated. The correlative study by Frank of a torso model and the subject upon whom it was fashioned 17 suggests that only a small difference exists for that case.
The concept of the image surface of Burger and van Milaan in 1946 emphasized the fact that the conduction characteristics of the torso depended not only upon its internal structure and composition, but also upon the shape of its boundary and the location of the source of current within it. They showed that the voltage present at any point on the surface was the dot product of the spatial vector representing the current source and the spatial vector representing the transfer function (conduction characteristics) from the source to the particular point on the surface.
Since the present study was directed at locating image surface points corresponding to the apices of the tetrahedron, it was necessary to approach the center of the heart dipole as closely as possible. Although the esophagus was used with the pickup positioned fluoroscopically at the level of the midventricular mass, it is appreciated that such a location is not ideal.
In comparing the error evident when this experimental technic is used in a jar with the error obtained in human experiments, it will be seen that the value in the former case of less than 1.5 per cent increases to between 6 and 16 per cent. The reasons for this additional error when the technic is applied to the living subject are not definitely known, but the factors of imperfect balance of the input signal and movement of the esophageal pickup within the esophagus during the course of an experimental run are probably contributory. The factor of imbalance can theoretically be improved. To reduce the factor of pickup movement, the use of simultaneous recording of components suggests itself. Another major factor which undoubtedly contributes to differences in data gathered on different days is the inability to duplicate the exact location of the pickup within the esophagus on different occasions.
Examination of the lengths of leads listed in table 2 reveals that lead I is the shortest lead in the frontal triangle in all sets of experiments. In addition, lead II is consistently larger than lead III. Whereas the values derived from Frank's data for the frontal triangle agree with the former observation, it will be noted that from his data, lead III is found to be greater than lead II. Burger's data in the frontal plane also yield an asymmetrical scalene triangle with lead III greater than lead II. The reason for this deviation from an equilateral or isosceles triangle has been provided by Wilson, Bryant and Johnston 21 who demonstrated that when the current source is applied to the left of the midline on the surface of the chest, lead III is greater than lead II and that the converse is true when the source is applied to the right of midline. These observations suggest that in the present study, the esophageal pickup is located to the right of the electric center of the heart.
The location of the pickup in the esophagus, posterior and to the right of the center of the ventricular mass and most likely the electric center of the heart dipole, was a source of error which was anticipated by the authors. The posterior position of the pickup with respect to the ventricles probably produced an increase in the magnitudes of the three leads which involve the back electrode. An additional possible artefact of position is the small relative size of lead I in subject A.C. de G. This may well be due to the pickup having been too far caudad during the experiments. SUMMARY A technic has been described for determining the apices of a tetrahedron on the image surface of man by means of orthogonal finite dipoles of equal moments placed at the midventricular level of the esophagus, assumed for the purpose of the experiments to be the electric center of the heart. Within the limits of this assumption the shape of the image tetrahedron could be determined, but not its orientation. SlJMMARIO IN INTERLINGUA Es describite un technica pro determinar le apices de un tetrahedro al superficie de imagine del homine per medio de finite dipolos orthogon de momentos equal placiate al nivello medieventricular del esophago. Pro le objectivos del experimentos il esseva supponite que ille loco es le centro electric del corde. Intra le limites de iste supposition le configuration del tetrahedro esseva determinabile sed non su orientation.
